Abstract: A series of 250 mm lengths of copper tubing, of 15 mm outer diameter and 0.7 mm wall thickness, were studied to determine their deformation if they were pinched or crushed between rigid objects applying a given force, to replicate potential accidental damage suffered by the copper pipes during service. A finite element modelling framework was developed to simulate the crushing of a copper pipe the same dimensions as that used for experiments, and the experimental data allowed for a validation of the pipe crushing at approximately room temperature, to consider copper pipe carrying cold water. The FE modelling activity was then extended to consider the deformation of copper pipe at 80
Introduction
Copper tubing is commercially available as standard in all sorts of pipe diameter sizes, ranging from a small, thin walled pipe of 15 mm diameter and wall thickness 0.7 mm, to 80 mm diameter and approximately 2.0 mm wall thickness, for commercial plumbing requirements [1] . Typical uses for copper tubing include the supply of cold and heated water from a mains water line to a local tap or boiler unit [2] , or as a refrigerant fluid transportation line in a heating, ventilation and air-conditioning (HVAC) system [3] . Copper is used to produce these fluid (often water) carrying pipes for a number of reasons. It is anti-microbial (employing the oligodynamic effect) [4] , which can kills bacteria before build-up [4] , it generally does not leach harmful metals in to the fluid it carries, as opposed to some other metals that can much more readily leach out in to the fluid [5] , it is non-permeable [6] , it does not suffer from corrosion readily in the typical working environment [7] , it is a ductile metal that can be shaped more readily than other metals, and its ductility offers greater fracture toughness than some other metals [8] . It is also an abundant natural resource [2] , and further is readily recyclable, thus reducing the raw material costs.
However, it is the material's malleability at moderate temperatures [6] to allow for ease of pipe manipulation which is the predominant reason that it is so widely used. Yet, copper's relative malleability at low temperatures may also be considered a weakness of the material, as it does mean that the pipe is susceptible to sustaining damage whilst in-service, through accidental impact or through undesired trapping mechanisms whilst in service.
The raw copper material can come from either virgin or recycled copper routes, however copper is one of the most recycled metals, and the copper scrap is often obtained from stripping down industrially used copper electrical wire to the bare wire component. Recycled copper generally shows very little degradation of mechanical property [9] , along with the usual impact of recycling including concomitant environmental and cost benefits, meaning recycled copper is increasingly in demand [10] . Copper is a FCC lattice structure, it is a dense metal (8,900 kgm −3 ) with a melting temperature of 1083 • C. It generally is a relatively unreactive metal, with noticeable oxidation only occurring over a period of many years. This oxidation layer, called a patina, actually protects the copper below from further atmospheric degradation, whilst offering minimal reduction in the material prop-21 erty.
Copper tubing is manufactured on a considerable scale, given the widespread use of the finished product across a vast number of industrial applications. In order to manufacture the copper tubing, the raw material must be fed in to a furnace and melted. For common tubing applications, the raw copper comes from high quality grades of recycled scrap copper (sometimes referred to as bare bright copper) [11] . This grade ensures that the recycled material is largely free from contaminants and other material, and free from any visible oxidation. Sections scrap of material eligible to be classed as bare bright copper must be thicker than 16 gauge [11] (approximately 1.59 mm thick).
The raw material copper is melted in a large reverberatory furnace. The melt is raised to approximately 1260 to 1300
• C, well in excess of the melt point of copper (1083
• C). The molten copper is then fire-refined by the introduction of oxygen, which reacts to form oxides much more readily with any impurities still within the melt [12] . The oxides of the impurities are less dense than the copper, and so float to the surface as slag. Small traces of copper oxide are removed using additions of phosphorus to react with the oxygen, leaving near pure copper. This recycled copper can reach roughly 99.9% purity, virtually as pure as copper produced from virgin ore [12] . The molten copper is subsequently poured in to horizontally aligned, water-cooled graphite moulds. Grips then pull the now solidified copper log linearly within the mould, allowing space for further molten copper to be poured in to the gap created at the back. The process continues as such until the maximum length of copper log is created. Once the cylindrical log is produced via continuous casting, the copper billet is placed in to an extrusion press. The billet is heated to the required forming temperature, and is pierced using a mandrel. A ram is located at the back end of the extrusion chamber, forcing the heated copper over the mandrel and through an extrusion hole on the opposite side of the chamber to the ram. The size and shape of the hole which the heated, highly malleable copper is forced through dictates the extruded material size and shape. The hollow copper tubing that emerges from the extruder can then be drawn out further, using grips to contact the tube, and pulling it through further dies to reduce its outer diameter and its wall thickness to the relevant size required [13] . The process of drawing serves to work-harden the copper [14] , thus drawn tube has improved material mechanical properties such as the fracture toughness, compared to prior to drawing. Work-hardening is achieved through small amounts of plastic deformation within the materials causing a saturation of dislocations [15] within the crystal structure of the copper.
One of the main advantages of tubing production using this type of extruded and drawn methodology is the seamless nature of the finished product, with homogenous property and microstructure throughout its outer wall, and its wall thickness [13] . As opposed to seamless tube, welded tubing is formed from a flat sheet of material that is subsequently rolled and welded longitudinally. The presence of the weld within rolled, welded tubing can cause in-service issues, especially for pressurised pipe systems. However, despite the extra manufacturing costs associated with the extrusion method compared to rolled and welded, an extruded and drawn seamless tubing component offers improved mechanical properties. Thus, the seamless tubing is desirable within industrial applications, especially when considering the expense and containment issues associated with a burst pipe.
The mechanical properties of copper largely depend upon its route of production; however it does have good toughness at low temperatures, has room temperature strength of roughly 190-250 MPa [16] , which can be further enhanced by cold work-hardening. As the temperature increases, the strength remains roughly constant up to approximately 70
• C, before beginning to decrease, with an increasing gradient, up to approximately 200
• C. The yield strength decreases very gradually from room temperature up to 200
• C. Finite element simulations concerning the structural integrity of a pipe component are not new, indeed there are numerous instances within the literature of FE or numerical modelling to analyse the structural integrity, strength, and associated residual stress field left behind after pipe welding [17] [18] [19] [20] [21] , or through impact and loading [22, 23] , however most of these studies tended to be considering steel pipework. Thus, there is a considerable gap in the efforts of FE and numerical analysts to simulate accidental deformation, and the knock-on effect of fluid flow within a damaged pipe, for the copper pipes so prominently used.
Material and methods
Copper pipe of external diameter 15 mm, wall thickness of 0. 7 mm, and thus internal diameter of 13.6 mm, was used for experimental measurements of pipe deformation due to certain applied loads. An ESH Testing Ltd 100 kN load frame press was used to apply the fixed load on to the central portion of pipe, which was clamped inbetween two jaws measuring 25 mm in width. The set-up can be seen in the schematic given in Figure 1 . The press and jaw arrangement were utilised to apply specified loads to the pipe, in order to crush the pipe, as a physical simulation of a pipe becoming trapped in service and deforming accordingly. The applied loads were, in increasing order; 1.5 kN, 2 kN, 2.5 kN, 3 kN and 6 kN. There was no further clamping, lubrication or equipment used. The bar and jaws were at a constant [15] [16] [17] [18] [19] [20] • C, as was the surrounding atmosphere at the room temperature of the laboratory, in order to replicate the cold pipe under service. 
Finite element modelling
An FE model was constructed using the Deform v11.2 software, from software developers SFTC [24] . The model was created using various rigid and plastically deformable objects. A plastically deformable workpiece was employed to represent the copper pipe. The model simulated a copper pipe of length 250 mm, with 15 mm outer pipe diameter and wall thickness of 0.7 mm. This was meshed by initially meshing the 2D cross-section of the pipe-wall with 2D quadrilateral elements, and then extruded through the length of the pipe to produce the 3D component. Hence, the elements were hexahedral, and numbered about 25,000 in the deformable workpiece.
The 3D pipe workpiece was assigned the properties of the copper material, with a Young's Modulus of 115GPa (at 15
• C) or 105 GPa (at 80
• C), a Poisson ratio of 0.33 and a temperature dependent flow stress given by the simplified Johnson-Cook Equation:
Where
And where¯ is the mean strain,˙ the mean strain rate, T is operating temperature, T rm is room temperature (15
• C) and T melt is melting temperature (1085 • C),with further material dependent parameters A, B, C, m, n,˙ 0 to be defined. In the case of copper, the values used are as given in Table 1 .
These parameters to be fitted to match the material behaviour can largely be purely numerically quantified with little physical meaning, however analysing the form of the equation can inform that˙ 0 is a reference strain rate, n is an exponent for the strain hardening, m is an exponent for the high temperature softening, and A is the base flow stress value when at room temperature, reference strain rate and zero strain. Rigid (tooling) objects were used to apply a deformation within the FE model to match the experimental setup accurately. Thus, cuboid blocks were created to represent the jaws of the compressing tooling that was used to provide the deforming force. As rigid objects experience no deformation, thus these did not require meshing. Boundary conditions between workpiece and rigid tooling, applied at nodes within the workpiece mesh that were in contact with a rigid object were assigned with a shear friction coefficient of 0.08, as is recommended for cold forging operations. The workpiece was also given a self-contact boundary condition for when the pipe inner walls fold and contact. A time step of 0.01 s was implemented, and automatic re-meshing of the workpiece was switched on. The set-up of the model can be seen in Figure 2 . Two models, identical in set-up barring the pipe workpiece operating temperature were set up. The models were ran in an adiabatic manner, thus heat transfer effects were neglected and only the mechanical response calculated, and the pipe assumed to remain at the same fixed temperature (either 15
• C to represent a cold fluid carrying pipe, and 80
• C to represent a hot fluid carrying pipe). This was considered a fair simplification given the pipe will remain at the temperature of the fluid carried during the pipe collapsing procedure, with additional heating due to deformation minimal and thus neglected.
A normalised Cockroft and Latham damage criterion was implemented within the plastically deforming workpiece to simulate the potential for fracture at regions of high strain and stress, to keep a through process track of the evolution of this damage parameter indicating the material likelihood to fracture. The normalised Cockroft and Latham parameter, C n , is expressed as given in Equation 2.
Whereby; σ max is the maximum principal stress, σ ef f is the effective (Von Mises) stress, and¯ p is the effective plastic strain. The normalising parameter in this equation is the effective stress, and this allows for a fracture likelihood parameter, Cn, to be postulated. No value was set to initiate element deletion; instead the model was allowed to simply accrue damage at locations of likely high stress and strain to give an idea of probable damage sites within the workpiece.
Results and Discussion

Shape
The resulting deformed pipe cross-sectional shapes at different applied loads, predicted using FE software, were critically compared to the experimentally observed pipe cross-sectional shape, to determine the accuracy of the modelling approach. The resulting pipe cross-sections for the cold pipe can be seen in Figure  3 (A),3(B).
In the experiment (see Figure 3 (B)), the pipe is deforming reasonably consistently with an elliptical mode. At the 2.5 kN load, a "flat" section appears on the top and bottom surfaces, where the apex location had been before. At higher loads, this flat actually turns inward, such that the location along the vertical centre of the pipe will come in to contact first. This central contact is achieved at the 6 kN load experiment, whereby the pipe has collapsed on to itself along its vertical centre-line. Thus, in the experiment, the elliptical mode of deformation is a reasonable approximation up until a force of greater than 3 kN.
For the FE model, the inverting of the pipe wall at the vertical apex locations, such that they turn in toward one another, is predicted to occur at a lower applied load. This is manifested within the 2.5 kN load model, and then continues to become more pronounced until contact is reached, somewhere in between the 3 kN and 6 kN loads. Whilst the applied load at which this first begins is not in agreement with the experiment, the overall trend is correctly predicted. However, it must be stressed that for the FE model, the elliptical deformation mode has broken down for much of the deformation.
The FE modelling framework was extended to also consider the deformation of the same set-up of FE model, but considering a pipe held at a heated 80
• C (see Figure  4) . This is performed in order to simulate the deformation experienced upon a hot water carrying pipe, where the copper material will have a slightly different mechanical response than when cold (15
• C). Again, the trend is shown for an initial elliptical deformation mode to give way to a deformation mode whereby the upper and lower apex locations "turn-in" to produce a slightly narrowed section at the vertical centreline of the pipe.
Force
The FE model can be interrogated to generate a force vs die separation plot, to predict the collapse pf the pipe under increasing applied loads. The die separation, by definition of the problem, is simply the "height" of the 6) 6kN deforming pipe in the vertical axis, in-between the tooling applying the loading. The predicted die separation for a given applied force, for the models simulating a cold fluid carrying pipe at 15
• C, and for simulating a heated fluid carrying pipe at 80
• C can be seen in Figure  5 . The onset of deformation of the pipe can be seen to occur for the cold pipe at approximately 1.5 kN, whereas for the heated pipe, this deformation initiates at approximately 1.25 kN. Thus, there is evidently some flow softening of the copper at 80
• C compared to 15
• C, given that for the same applied load the pipe is deformed more, hence the two dies are closer together.
The resulting semi-minor axis length of the pipe (which by definition is half of the die separation value, measured vertically in the set-up) continues to decrease approximately linearly between 1.5 kN and 2 kN (for the cold pipe) or between 1.25 kN and 1.75 kN (for the 80
• C heated pipe), when the reduction in semi-minor axis begin to slow down. As the pipe becomes more plastically distorted, increasing applied loads continue to increase deformation within the pipe, but to a smaller effect, as the deformation approaches a natural asymptote, namely the thickness of two pipe walls for when the pipe has entirely flattened out upon itself, which it cannot be compressed more than.
The pipe deforms initially following the elliptical pipe-wall shape, as shown previously. However, at an applied load of 2 kN, the apex of the upper and lower wall of pipe begin to turn inwards, thus the elliptical description breaks down slightly from this moment onwards. An applied load of 6 kN for the cold pipe model sees these apex positions of upper and lower wall meet. For the heated pipe, this contact of pipe walls occurs at a marginally lower applied force, 5.5 kN. Once the walls contact, the semi-minor axis value (still assuming that one can use an ellipse to describe the pipe, which is not strictly true) decreases a small amount for greater and greater loads, as the pipe is now flattening on to itself.
Residual stress
The structural integrity of the copper pipe will predominantly depend upon the levels of residual stresses experienced and associated strain within the component, as it is crushed and deformed. It is therefore of interest to be able to analyse these in-situ fields of strain and effective (Von Mises) stress across the component during deformation. This capability to perform detailed through-process interrogation of mechanical fields is the primary strength of any FE analysis, if it is assumed that the model has been successfully validated by comparison of shape prediction against experimentally observed deformed pipe shape. Instrumented experimentation to understand the temporally through-process stress and strain fields is extremely challenging, hence the ability to analyse with validated FE tools is a convenient way of understanding how the deformation process influences these mechanical fields.
The Von Mises stress field within the pipe, during differing loads considered, can be seen in Figure 6 . Peak Von Mises stresses for the models at the applied loads range from 240 MPa in the 1.5 kN model to 440 MPa in the 6kN model for the cold pipe, and from 240 MPa in the 1.5 kN model to 380 MPa in the 6 kN model for the heated pipe. Whilst the peak stresses did fall approximately 15% in the heated pipe model, it was the difference in Von Mises stress across the central portion of the pipe that saw the greatest decrease when the pipe was heated. At the 6 kN applied force, the modal Von Mises stress value reported at nodes was 250-260 MPa for the cold pipe, whereas it was only 210-220 MPa for the heated pipe, thus the lower banding of predominant colour in the heated pipe model (see Figure 6 ). Figure 6 . Von Mises residual stress after pipe crushing, at the 5 varying applied loads, for (left) cold 15
• C pipe, and (right) heated 80
• C pipe Clearly, the region under the highest stress will be the "shoulder" region of the deformed section of pipe, where the pipe wall is being pushed outward perpendicular to the applied force. However, Von Mises stress does not distinguish between compressive and tensile values. The nature of the stress field can be further interrogated by considering the stress field in the vertical direction (direction of applied load), see Figure 7 . For the cold pipe 6 kN applied load model, the pipe cross-section in the X-Z plane through the region of maximum Von Mises stress was analysed. The shoulder region experiencing the maximum stress is under a tensile stress field on the outer wall of the pipe, as it is perpendicular to the applied force, whereas the top and bottom of the pipe will experience a compressive stress given these are in the axis of deformation. However, the inner wall, at the location of maximum displacement, must in turn experience a compressive stress, to balance the tensile stress elsewhere. For this highest applied load model (6 kN), the tensile stress in the Z direction on the outer wall reaches similar values to that given by the Von Mises effective stress, approximately 450 MPa, as this is by far the largest contributor in terms of the principal stress axes at this location., thus dominates the equation to calculate Von Mises stress from the principal stress fields. The inner wall sees compressive stresses of a similar magnitude, approximately 470-500 MPa. These predicted peak tensile and compressive stresses fall for the lower applied loads, to approximately 240 MPa (tensile outer wall and compressive inner wall) for the lowest applied load (1.5 kN) for which there is minimal distortion.
Effective strain
The FE model predicted effective strain fields experienced within the cold and the heated deformed pipe, at the different applied loads, are given in Figure 8 . As with the effective stress field, it is clear that the maximum strain will be observed at the shoulder region where the applied load is acting, as this must deform more than any other region in the pipe. The peak effective strain predicted for the models ranges from less than 0.05 for the 1.5 kN applied load, to 0.4 for the 6 kN load. The peak effective strain increases roughly linearly proportionally to the applied load across the 5 models, with an approximate empirically fitted relationship of max = The effective strain field, viewed at the cross-section of the pipe in the X-Z plane, through the point of maximum strain, was analysed. Figure 9 illustrates this crosssectional view for the 6 kN applied load model, and it is evident that within the predicted strain field, the strain is highest on both the outer and inner walls at the horizontal apex location. Peak effective strain values for the 6 kN applied load are reaching approximately 0 35 on the inner wall, and 0.3 on the outer wall in this plane. The strain reduces to a minimum of roughly half the peak value, at approximately half-way through the 0.7 mm thick wall. Figure 9 . Effective strain, shown over a vertical cross-section of pipe at maximum distortion, for the 6 kN load
Fracture / Damage
The FE model can be interrogated to determine the level of "damage" accumulation throughout the pipe, according to the Cockroft and Latham normalised parameter, as defined previously. The maximum accumulation of damage, unsurprisingly given the mathematical description of the parameter, occurs at the outer wall, at the horizontal apex location where the pipe is forming a corner as it begins to fold on to itself. Figure 10 compares this FE predicted damage parameter against the experimentally observed damage at the same specific location on the pipe which was noted for having peak damage parameter values. Observe that the location of damage observed matches very well with the predicted peak damage in the FE modelling framework. It is therefore considered as further validation of both the damage parameter estimation, and the modelling framework as a whole, that a pure prediction made by modelling has been well-matched against physically observed evidence.
The models were further interrogated to attempt to construct a value for the threshold of normalised Cockroft and Latham damage which will lead to onset of cracking damage within the copper. By considering experimentally observed damage was accumulated somewhere in between the 3 kN and 6 kN applied load, so consultation of these FE models, at the relevant location, suggests a normalised Cockroft and Latham parameter of between 0.25 and 0.35 was the trigger value for the onset of damage.
Flow, pressure drop and head loss theory
In order to assess the fitness for purpose of these pipes after suffering the level of deformation experimentally observed and predicted by FE analysis, one must consider the fundamental fluid mechanics, pipe flow, pres- Figure 10 . The normalised Cockroft and Latham damage parameter used in the FE model shown as a displayed field over the workpiece, compared to the experimentally observed location of damage sure loss and corresponding head loss governing equations. The flow of the fluid being carried by the pipe will depend upon a number of parameters, some associated with the fluid, and some associated with the pipe. As the fluid parameters will be dependent upon temperature, these calculations are performed for both a cold water scenario (15
• C) and a hot water scenario (80 • C). These calculations are initially performed for the nominal undamaged copper pipe (with perfect circular crosssection), as well as for the 5 examples of deformed pipe cross-sections, as simulated and discussed earlier, for 5 differing loads applied.
One can calculate the relative pipe roughness of the copper pipe using Equation 3 , where is the characteristic surface roughness of copper (estimated to be 0.03 mm), and d the pipe diameter [25] .
By making the assumption that the fluid is incompressible, thus we must assume a volumetric flow rate Q is conserved through the process, whereby, for a volumetric flow rate Q, fluid average velocity v and pipe cross section A, the following relationship (Equation 4) holds
As A will change as the pipe is being deformed, so therefore must v change, to maintain a constant Q. One can calculate the cross-sectional area, assuming that the deformed pipe is represented by a perfect elliptical deformed pipe wall, thus one can calculate v. Note the assumption here that the pipe is deforming as an ellipse, which is a good approximation for lower applied loads to deform, although becomes a worse fit at higher loads. Therefore, one can similarly calculate the Reynolds value of the water flowing in the pipe, using Equation 5 [26] .
Where ρ is the density of water, v is the flow velocity of the water, and µ is the dynamic viscosity. With calculated values for both the Reynolds value of the moving fluid, and the relative pipe roughness coefficient, the Moody chart can be consulted to understand the Darcy friction factor term of the pipe wall, f D , as it impedes the flow of the water.
However, when considering the deformed pipe, one must adapt the simplistic formulae, as this is no longer the simple circular cross-section pipe case. In order to calculate relevant properties of the deformed pipe, we will need characteristic dimensions of this non-circular pipe. If we assume the deformed pipe has an elliptical cross section, with a semi-major axis r α and semi-minor axis r β , then by using the Ramanujan approximation [27] ( Equation 6) we can calculate the pipe circumference.
(6) In order to calculate the Reynolds value and the relative pipe roughness we require a pipe diameter to be known. In the case of a deformed pipe, we will apply the hydraulic diameter d H , which is defined in Equation 7 [28] :
We must then use the hydraulic diameter d H in place of the diameter d in the equations for effective pipe roughness, pressure drop and head loss. These equations also depend upon the Darcy term f D , to calculate the pressure drop caused by the frictional resistance of the pipe wall, over a given length (L) of pipe, or to calculate the effective head loss, again over a given length, using Equation 8 and Equation 9 [26] , where g is the gravitational acceleration.
The resulting effective circumference, hydraulic diameter, relative pipe roughness, flow velocity, Reynolds value, Darcy friction factor pressure drop and the equivalent head loss values for the pipe as it has undergone different applied loads to deform it can be compared to nominally un-deformed pipe, these values are given in Table 2 and Table 3 . For the calculations performed as part of this work, the pipe length is assumed to be 1 metre, thus all expressed pressure drops and equivalent head losses are per metre of damaged, crushed pipe.
The following values are used for cold (15 • C) and heated (80
• C) water as the fluid of interest. For 15
• C water, density ρ = 1000 kgm −3 [29] , dynamic viscosity µ = 8.9 x 10 −4 Pa.s [30] , and the maximum suggested flow velocity for cold water in a non-deformed pipe is 2.4 ms −1 , which gives a constant volumetric flow for a 15 mm diameter circular pipe of 0.424 x 10 −3 m 3 s −1 . For 80
• C water, density ρ = 970 kgm −3 [29] , dynamic viscosity µ = 3.5 x 10 −4 Pa.s, [30] and the maximum suggested flow velocity for cold water in a non-deformed pipe is 1.5 ms −1 , which gives a constant volumetric flow for a 15mm diameter circular pipe of 0.265 x 10 −3 m 3 s −1 . The assumed elliptical pipe sections used from the experiment and FE models at different deforming loads were illustrated in Figure 3 and Figure 4 .
A cold-fluid carrying pipe, with the fluid and pipe wall held at 15
• C (see Table 2 ), would see the fluid flow velocity increase slightly as the deformation began, as the interior cross-section of the pipe was beginning to reduce, so the flow velocity increases to maintain the constant volumetric flow rate. As the deformation continued and the interior cross-sectional area of the pipe became smaller still, the flow velocity does begin to increase substantially. However, the Reynolds number for the flow remains virtually constant, because it is a function of both the flow velocity and the characteristic distance, namely the pipe hydraulic diameter, which is reducing.
The Darcy friction factor, which is determined using the Moody diagram, remains relativity constant until the pipe relative roughness increases substantially. This increase is in turn caused by the hydraulic diameter reducing significantly to less than half its starting value. It then increases slightly for the highly deformed pipe. Thus, the pressure loss per unit length of pipe, and the corresponding head loss per unit length of distorted pipe, can be calculated. As the pressure loss per unit length of pipe is a function of the Darcy friction factor, the flow velocity squared, and inversely proportional to the hydraulic diameter, so all terms are working to increase the pressure as the pipe becomes more and more deformed. The pressure loss per unit length of pipe for an applied load of 2 kN increases to approximately double the pressure loss for an un-deformed pipe. The pressure loss continues to increase rapidly, becoming severe at a 2.5 kN applied load, and is catastrophic at 6 kN applied load. Similarly, the head loss per unit length of pipe increases such that it is approximately double that of the un-deformed pipe when a 2 kN load is applied, but this head loss increases rapidly for even higher applied loads. However, given that the damage caused to a pipe through some type of pinching or crushing action is usually across a narrow section of pipe, almost giving rise to point-damage due to the impact of an external object, so the actual length of the deformed section of pipe is likely very short, of the order of a few centimetres in length, thus the actual pressure drop and head loss over the deformed length of pipe is likely scaled accordingly.
Similar trends are shown for the heated pipe (see Table 3), in that the method of shaping the deformed pipe is very similar to the cold pipe, albeit the distortions are slightly larger for a given applied load, due to the small reduction in flow stresses at this elevated temperature, compared to cold. The hydraulic diameter, calculated from the semi-major and semi-minor lengths, decreases considerably once a load greater than approximately 1.5 kN is applied. As for the cold pipe, it is the significant decrease in hydraulic diameter, which is proportional to the relative roughness term, which causes the major changes in the Darcy friction factor calculation, which increases by roughly a third from the un-deformed pipe value. However, again as with the cold pipe, the fluid flow velocity increase is the critical parameter which dictates the catastrophic pressure and head loss per unit length of deformed pipe. Figure 11 illustrates the changes calculated in the hydraulic diameter of the pipe, and the resulting pressure drop per unit length of pipe, from the theoretical hand calculations based upon fluid flow within a contained pipe, for different deforming loads applied to the pipe, and at the two different fluid and pipe temperatures. Figure 11 illustrates clearly the beginning of severe reduction in hydraulic diameter as the pipe is deforming, as the theoretically calculated hydraulic diameter suffers a cliff-edge drop off in between 1.5 and 2 kN applied load. Figure 11 illustrates the theoretically calculated increase in pressure drop for increasing deforming load applied to the pipe. This graph is clearly dominated by the relationship with the velocity squared, such that for the relatively linear increase seen in fluid velocity when increasing the applied load from 1.5 kN upwards, the pressure drop increases with a y=f(x 2 ) type response.
Conclusions
A finite element modelling framework has been presented to predict the deformation of 15 mm outer diameter, 0.7 mm wall thickness copper pipes, with tooling (1) For cold pipes, an applied force of 1.5 kN will cause an onset of deformation, causing the pipe to begin to become elliptical. The pipe approaches a state of collapse, whereby the upper wall contacts the lower wall, and thus a catastrophic loss of integrity, at an applied load of 6 kN.
(2) Whereas for pipes at 80
• C, an applied force of 1.25 kN causes the onset of plastic deformation. However, the reduction in required force compared to the cold pipe remains at approximately the same value of kN deforming load to achieve the same form of collapse as seen in the cold pipe.
(3) The flow of fluid through the piping remains at approximately the same Reynolds value throughout. However, as the pipe deforms, the hydraulic diameter reduces, the required flow velocity increases, and as such the pressure loss per unit length of pipe, and head loss per unit length, increase with a y = f (x 2 ) type response. (4) The elliptical deformation of the pipes holds reasonably true until a deforming load of 2kN, whereby the top and bottom apex inversion within the deforming pipe becomes substantial compared to the semi-minor axis.
(5) The normalised Cockroft and Latham damage parameter predicted with reasonable accuracy the location of damage observed experimentally on the copper pipe, and an approximate value to initiate macro-scale damage has been estimated as 0.25-0.35. 
